Background: Alternative polyadenylation (APA) is a widespread phenomenon in the posttranscriptional regulation of gene expression that generates mRNAs with alternative 3′-untranslated regions (3'UTRs). APA contributes to the pathogenesis of various diseases, including cancer. However, the potential role of APA in the development of nasopharyngeal carcinoma (NPC) remains largely unknown. Methods: A strategy of sequencing APA sites (SAPAS) based on second-generation sequencing technology was carried out to explore the global patterns of APA sites and identify genes with tandem 3'UTRs in samples from 6 NPC and 6 normal nasopharyngeal epithelial tissue (NNET). Sequencing results were then validated using quantitative RT-PCR in a larger cohort of 16 NPC and 16 NNET samples.
genomic abnormalities in NPC tumorigenesis remain largely unidentified. It is particularly important that the genomic foundations of NPC are clearly defined to identify genes contributing to the initiation and progression of NPC, and further guide the development of novel therapeutic strategies for NPC patients.
Posttranscriptional regulation at the mRNA level is generally mediated by miRNAs and RNA-binding proteins which recognize and bind to elements within the 3′-untranslated region (3'UTR) . Dysregulation of this can perturb gene expression and contribute to the pathogenesis of various diseases, including several types of cancer [14, 15] . The eukaryotic transcriptome is particularly complicated due to its use of alternative polyadenylation (APA) sites, which can generate diverse mRNA isoforms from a single gene that differ either in their coding sequence, their 3'UTRs, or both [16] . APA is a widespread phenomenon, with more than half of the genes in humans and over 30% in mice having numerous APA sites [17] . Recent studies have shown that APA-switching events may occur in a tissue-or disease-specific manner [18] . The mRNA transcripts in placenta, ovaries and blood are characterized by preferential usage of proximal poly(A) sites (generating isoforms with shorter 3'UTRs), whereas in nervous system and brain, they tend to use distal poly(A) sites (generating isoforms with longer 3'UTRs) [19] .
Tandem 3'UTRs can also affect mRNA stability, translation efficiency, and subcellular localization by causing loss of regulatory elements, especially miRNA binding sites in the 3'UTR [20] [21] [22] . APA-switching events can influence a number of critical biological processes, including embryonic development and cell differentiation [23] [24] [25] , cell proliferation [26, 27] , immune response [22] , neuron activation [28, 29] , and tumorigenesis [27, [30] [31] [32] . It has been shown that activated T lymphocytes [22] and cancer cells [27] generally use shorter 3'UTRs, and that shortening of tandem 3'UTRs is associated with cell proliferation [22] while the lengthening of tandem 3'UTRs has been observed during cell differentiation [24, 33] . study by Mayr et al. showed that shortening of tandem 3'UTRs was preferentially used by several oncogenes in cancer cell lines [27] , suggesting APA-mediated gene expression may play an important role in cancer development. Recent studies also reported that APA-switching events occurred in various types of cancer, including breast cancer [30] , colorectal carcinoma [32] , glioblastoma [34] , and gastric cancer [35] . Nevertheless, whether APA-switching events are integral to the development and progression of NPC remains unknown.
In this study, for the first time, we performed genome-wide profiling of APA sites, with a sequencing APA sites (SAPAS) technology using second-generation sequencing, in NPC and normal nasopharyngeal epithelial tissues (NNET) to identify genes with 3'UTR switching that participate in NPC development. Gene Ontology (GO) and pathway analysis were performed to better understand the function of genes with 3'UTR switching. Subsequently, we validated our sequencing results by quantitative RT-PCR in a larger sample size. Our research provides a novel insight into the tumorigenesis of NPC.
Methods

Clinical specimens
Sixteen NPC fresh tissue samples were collected at the Department of Radiation Oncology of Sun Yat-sen University Cancer Center (Guangzhou, China) between 16 Jan 2010 and 25 Feb 2013. All samples were reassessed by two pathologists and the percentage of tumor cells was 70% or more in all samples. None of the patients had received radiotherapy or chemotherapy before biopsy sampling. 16 NNET tissue samples were collected from outpatients, showed no evidence of cancer, and the tissue samples showed normal histology. This study was approved by the Human Ethics Approval Committee at Sun Yat-sen University Cancer Center. Written informed consent was obtained from each study subject.
RNA extraction
Total RNA was extracted using TRIzol reagent (Life Technologies, Grand Island, NY, USA) according to the manufacturer's instructions. Genomic DNA was removed from total RNA by TURBO DNase (Ambion, Austin, TX, USA). The quantity of RNA was determined using a NanoDrop2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and RNA purity was assessed by the ratio of absorbance at 260 and 280 nm. RNA quality was assessed using electrophoresis in a 1.5% agarose gel stained with ethidium bromide.
Construction of the 3'UTR library
The SAPAS sequencing libraries were constructed as described previously [30, 36] . In brief, total RNA was randomly fragmented by heating. The first strand cDNA was generated by a template-switch reverse transcription (RT) reaction, in which contains an anchored oligo d(T) primer, a 5′ template switching adaptor, and Super-Script II kits (Invitrogen Life Technologies, Karlsruhe, Germany). Then, ds-cDNA was amplified by PCR using known primers tagged with Illumina adaptors. The sequences of all primers were consistent with previous studies [30, 37] . PAGE gel-excision was carried out to select the PCR products with the fragments of 300-500 bp with a QIAquick Gel Extraction Kit (Qiagen, Valencia, CA). The final pooled fragments were sequenced from their 3'end on the Illumina HiSeq 2000 system in dark cycle mode. Finally 58 bp reads were generated.
Illumina reads filtering and mapping
Reads were filtered and trimmed with in-house Perlscripts, and the trimmed reads were aligned to the human genome (hg19) with Bowtie. Internal priming filtering was performed by analyzing the genomic sequences located 1 to 20 bases downstream of poly(A) cleavage sites, containing the sequence motifs 5′-AAAAAAAA-3′, 5′-GAAAA +GAAA+G-3′ ("+" means "or more"), or more than 12 "A"s. Sites with only one read were removed.
Poly(A) sites identification and annotation
Cleavage sites were clustered into poly(A) sites as described previously [17, 30] . Briefly, the reads of which 3′ ends located within 24 nt from each other and which aligned to the same strand of a chromosome were clustered. Then, cleavage clusters with two or more reads were assigned as poly(A) sites. Next, poly(A) sites were grouped into three types according to the known poly(A) sites in the UCSC transcript ends database [38] and Tian's database [17]: 1) UCSC known genes, where the poly(A) site was located within 24 nt from the 3′ transcription end of a UCSC gene; 2) Tian poly(A) DB, where the poly(A) site was located within 24 nt from a poly(A) site in Tian's poly(A) DB; 3) Putative novel poly(A) sites, containing the following six attributes: 3'UTR; located <= 1 kb nt downstream of a UCSC gene; CDS; intron; intergenic; and noncoding gene. Meanwhile, poly(A) sites with reads that overlapped Ensemble-annotated 3'UTR(s) were defined as tandem poly(A) sites. The expression of mRNAs were accumulated by reads of all poly(A) sites, and then the differential expressed genes were identified by edgeR [39] . The raw sequencing data can be accessed from the NCBI Bioproject (http://www.ncbi.nlm.nih.gov/bioproject) under accession no. PRJNA299088.
3'UTR switching analysis between NPC and NNET and functional annotation
3'UTR switching of each gene between 6 NPC and 6 NNET tissues was detected by a pair-wise case-control analysis, which sequentially compared NPC samples to NNET samples to identify genes with 3'UTR switching in each pair. They were then filtered using the Benjamini-Hochberg false discovery rate (FDR), whereby those estimated to be below 0.01 (using R software, version 2.15) were kept. In total, genes with 3'UTR switching that occurrences in more than 10 pairs were defined as genes with tandem 3'UTR between NPC and NNET. Functional annotation analysis of these genes was performed using DAVID Bio-informatics Resources (http:// david.abcc.ncifcrf.gov/) [40] . The miRNA targets involved in APA-switching events were identified by Tar-getScan database [41] .
Validation of quantitative RT-PCR analysis
To validate the sequencing data, quantitative RT-PCR was carried out in 16 NPC and 16 NNET tissues for eight genes (JAG1, IRF1, EGLN1, TIMP3, WDR5, SMAD3, FNDC3B, and XRCC5) with extreme 3'UTR length differences between NPC and NNET. Based on SAPAS data, the poly(A) sites of each gene were divided into two supersites: "proximal sites" and "distal sites". Two gene-specific primer sets were specifically designed for "proximal sites" and "distal sites", as described previously [30] . Primer sequences are listed in Additional file 1. The quantitative RT-PCR was performed on the CFX96TouchTM sequence detection system (Bio-Rad, Hercules, CA, USA) using Platinum SYBR Green qPCR SuperMix-UDG reagents (Invitrogen) according to the manufacturer's instructions. GAPDH was used as a control for normalization. For each gene, the relative expression ratio of the proximal site to the distal site was calculated using the 2 -ΔΔCT method [42] .
Statistical analysis SPSS 16.0 software was used for statistical analysis. All of the data were presented as the mean ± SD. The Student's t-test was used to determine whether significant differences existed in the usage of poly(A) sites of genes between two groups, and two-tailed P < 0.05 was considered significant.
Results
Global deep sequencing of 3′ ends of mRNA
We used the SAPAS strategy to profile APA sites of 6 NPC and 6 NNET tissues. In total, 20.99 to 26.97 million raw reads with lengths of 58 bp were obtained from Illumina sequencing. A statistical summary of the data is shown in Table 1 . Approximately 20.83 to 26.64 million reads harbored the modified anchor oligo d(T), of which 13.02 to 15.71 million reads uniquely mapped to the human nucleus genome (hg19) [43] . Furthermore, 9.83 to 12.68 million reads that could be used directly to infer transcript cleavage sites were obtained after filtering the reads with internal priming. In total, 21,095 UCSC canonical genes were sequenced by at least one read, which accounted for 27.2% of all canonical genes.
A comprehensive inventory of poly(A) sites
As shown in Fig. 1a , the majority of filtered reads (82.17%) were mapped to known poly(A) sites listed in the UCSC transcripts ends database [38] and Tian's database [17] . An additional 5.49% and 1.29% of reads were mapped to the 3'UTR and 1 kb region downstream from the UCSC canonical genes, respectively. The distribution of the number of all reads is shown in Fig. 1b . As a result of the heterogeneity of cleavage sites at poly(A) sites, we took the cleavage clusters with more than one read as poly(A) sites. We observed that 13,181 genes had more than one tandem APA site, among which 10,753 genes harbored more than two tandem APA sites (Fig. 1c ). In total, 174,931 poly(A) sites were identified from all twelve samples. Only 11.04% of these sites were found in the UCSC and Tian databases. Another 16.78% of the poly(A) sites were found in the 3'UTRs, 3.31% within 1 kb downstream from the UCSC canonical genes,18.86% in intergenic, 38.57% in intron, 2.87% in noncoding genes, and 8.56% in CDS from the UCSC canonical genes (Fig. 1d ).
Differential usage of poly(A) between NPC and NNET
Previous studies have demonstrated that most cancer cells [27] and cancer tissues [31, 32] tend to use shortened 3'UTRs. In contrast to these results for primary cancers, however, one study reported that a greater number of genes with lengthened 3'UTRs existed in a metastasis cell line [30] . In our study, the 3'UTR length of each gene was calculated according to the distance between the poly(A) sites and the stop codon. Subsequently, a pair-wise case-control analysis between NPC and NNET tissues was performed, and a total of 36 pairs were obtained. 3'UTR switching for each gene within each pair was detected using a test of linear trend alternative to independence [44] . A positive Pearson correlation coefficient (r) indicates that NPC tissue contains more lengthened tandem 3'UTRs than NNET, while a negative indicates that NPC tissue harbors more shortened tandem 3'UTRs. The genes with 3'UTR switching between NPC and NNET obtained for each pair are shown in Table 2 . We further analyzed the 3'UTR switching frequency for each gene in 36 pairs and found that the frequency of the genes with 3'UTR switching was the highest in at least 10 pairs (Additional file 2). Therefore, we set 10 pairs as the selection criteria for further screening of genes with 3'UTR switching. As a result, we identified 195 genes with significantly different 3'UTR lengths (false discovery rate [FDR] < 0.01, P < 0.01), of which 119 genes switched to longer 3'UTRs and 76 genes switched to shorter 3'UTRs in NPC. Details of the 195 genes with significant differences between NPC and NNET are shown in Additional file 3.
Functional annotation analysis of the genes with switched APA sites
To explore the biological significance of these APA site-switching genes, a functional annotation of the above 195 genes was performed with Database for Annotation, Visualization and Integrated Discovery (DA-VID) Bio-informatics Resources, where single-UTR genes were set as the background. The results of Gene Ontology (GO) terms analysis showed that genes with tandem 3'UTRs were mainly enriched in the regulation of cell migration, macromolecule catabolic process, protein catabolic process, proteolysis, small conjugating protein ligase activity, and ubiquitin-protein ligase activity (Table 3) . Additionally, genes with tandem 3'UTRs involved in the ubiquitin-mediated proteolysis pathway (P = 0.022), lysosomepathway (P = 0.048), colorectal cancer(P = 0.017) and renal cell carcinoma pathway (P = 0.049) were enriched (Table 3) . We also performed GO analysis and pathway enrichment analysis by separating the 195 genes into two groups (switching to distal poly(A) and proximal poly(A)), and results were showed in Additional files 4, 5. Since distant metastasis occurs in 20-30% of NPC patients and is the major cause of death in NPC [6] , it is noteworthy that we identified 9 genes with enriched tandem 3'UTRs that are involved in the regulation of cell migration; namely SMAD3, JAG1, Pikr1, Ptp4a1, Rac1, RRAS2, Spag9, TRIP6, and TRIB1 (Table 4 ). These results indicate APA site-switching events can influence a number of critical biological processes and may play an important role in the development of NPC.
The effects of APA-site switching events on gene expression and miRNA targeting sites
To further explore the functional effects of APA-site switching events, we firstly analyzed the relationship between the APA switched sites and the mRNA levels of 195 genes. A total of 275 genes with significant differences in the mRNA levels between NPC and NNET were identified, including 198 genes that were up-regulated and 77 genes that were down-regulated in NPC (Additional file 6). Further analyses revealed that among the 119 genes that switched to longer 3'UTRs in NPC, 4 genes were up-regulated and none was down-regulated; and among the 76 genes that switched to shorter 3'UTRs, only one gene was found to be up-regulated or down-regulated in NPC (Additional file 7). These results suggest that the APA-site switching events could not change the mRNA expression levels, and it may affect the translation efficiency and subcellular localization by causing loss of regulatory elements, especially miRNA binding sites in the 3'UTR. Furthermore, we identified potential miRNA targeting sites between the "proximal polyA sites" and "distal polyA sites" of 195 genes using the publicly available databases TargetScan to explore the effect of APA-switching events on the gain-of or loss-of miRNA targeting sites in their 3'UTR. The results showed that for the 119 genes switched to longer 3'UTRs in NPC, totally 706 miRNA targeting sites were gained and for the 76 genes switched to shorter 3'UTRs in NPC, totally 325 miRNA targeting sites were lost (Additional file 8). These result suggests that APA-switching events can result in the gain or loss of miRNA binding sites in the 3'UTR in the development of NPC.
Real-time RT-PCR validation of selected APA switched sites
To further validate the SAPAS sequencing data, we randomly selected eight genes (JAG1, IRF1, EGLN1, TIMP3, WDR5, SMAD3, FNDC3B, and XRCC5) with switched APA sites for quantitative RT-PCR validation in 16 NPC and 16 NNET samples. Results of six genes were similar to the sequencing data (Fig. 2) . JAG1, IRF1, EGLN1, WDR5, and SMAD3 tended to use lengthened 3'UTR transcripts, whereas FNDC3B tended to use shortened 3'UTR transcripts (P < 0.05). Consistent with the sequencing data, there appeared to be a higher tendency for lengthened 3'UTR transcripts from the genes TIMP3 and XRCC5 to be present in NPC than NNET, however no statistical differences were observed. These tendencies suggest that APA-switching events were more prevalent in NPC tissues.
Discussion
APA allows a single gene to encode multiple mRNA transcripts by changing the mRNA 3'UTR length and plays an important role in various physiological and pathological processes, including tumorigenesis [27, 30, 45, 46] . In this study, we performed genome-wide profiling of tandem APA sites in NPC and NNET tissues using SAPAS based on second-generation sequencing technology. In total, we identified 195 genes whose tandem 3'UTR length differed significantly between NPC and NNET, including 119 genes switching to distal poly(A) sites and 76 genes switching to proximal poly(A) sites. Several gene ontology (GO) terms were enriched in the list of genes with switched APA sites, including regulation of cell migration, macromolecule catabolic process, protein catabolic process, proteolysis, small conjugating protein ligase activity, and ubiquitin-protein ligase activity. The sequencing results were further validated using quantitative RT-PCR.
APA, which leads to alterations in 3'UTR length and content of genes, shows dynamic characteristics in a variety of tumors. A previous analysis of 27 cancer cell lines derived from sarcomas and breast, lung and colon cancers showed that tumor cells generally use the shorter 3'UTRs [27] . Similarly, Lin et al. found that shorter 3'UTRs isoforms were preferentially upregulated in breast, colon, kidney, liver and lung cancer tissues [31] . Likewise, Morriset al. demonstrated that more genes tended to use shorter 3'UTRs isoforms in colorectal carcinoma compared to colorectal adenoma and normal colon mucosa [32] . However, a recent discovery showed that longer 3'UTRs isoforms were significantly upregulated in MB231, a human breast cancer line that is estrogen independent and highly invasive [30] . Nordlund et al. demonstrated that more genes preferentially used longer 3'UTRs in acute lymphoblastic leukemia [47] . These findings suggest that APA-switching events are more complicated and may occur in a tissue-or disease-specific manner. In this study, we found that 119 genes tended to use longer 3'UTRs and 76 genes tended to use shorter 3'UTRs in NPC, which is the first genome-wide research to investigate APA in NPC.
Furthermore, 3'UTRs harbor several cis-elements, such as U-rich elements (USE), poly A signals (PAS), ARE (AU-rich elements), cytoplasmic polyadenylation elements, miRNA target sites and other unknown elements [46] . Therefore, APA-induced alterations in 3'UTR length and content may result in loss or gain of these regulatory motifs, resulting in series of changes in cell biological function by affecting mRNA stability, transcript export and translation efficiency [48] . Recent studies have revealed that shorter 3'UTRs could lead to greater mRNA stability and increased protein output, and were also associated with elevated cell proliferation rates or transformation [27] . In this study, we identified 195 genes with tandem 3'UTRs isoforms, which were involved in various cellular biological functions, including regulation of cell migration, macromolecule catabolic processes, protein catabolic processes, proteolysis, small conjugating protein ligase activity, and ubiquitin-protein ligase activity. This result is not unexpected because it has been confirmed that metastasis occurs in 20-30% of NPC patients and is the major cause of death in NPC [6] . It is important to note that our study effectively identified genes that were involved in NPC tumorigenesis.
To date, several possible mechanisms have been reported to influence the regulation of APA-switching events. Previous studies have demonstrated that the usage of APA could be influenced by the expression level of genes encoding 3′-end-processing factors and the transcription rate of polymerase II [45] . In other studies, differential selection of APA could be ascribed to the strength of different poly(A) signals (weak or strong), and the expression levels of cleavage and polyadenylation specificity factor and cleavage-stimulating factor [49] [50] [51] [52] . Furthermore, poly(A)-binding protein nuclear 1, a general factor of polyadenylation, could prevent the usage of proximal poly(A) sites by direct binding to non-canonical poly(A) signals [53] [54] [55] . Moreover, the different usage of APA could change the 3'UTR length and content, leading to the loss or gain of regulatory motifs, including miRNA binding sites [20] . In our study, we found that the APA-site switching events could not change the mRNA expression levels, and it could result in the gain or loss of miRNA binding sites in the 3'UTR. For the 119 genes switched to longer 3'UTRs in NPC, totally 706 miRNA targeting sites were gained; and for the 76 genes switched to shorter 3'UTRs, totally 325 miRNA targeting sites were lost. Among them, FNDC3B was identified as the direct and functional target of miR-143 in liver and prostate cancer [56, 57] . In our study, we found that FNDC3B tended to use proximal APA sites and produced mRNAs with shorter 3'UTRs in NPC. Interesting, we noticed that only the longer 3'UTRs harbored the binding sites of miR-143, suggesting that shorter mRNA transcripts can escape from miR-143 regulation. In addition, Zhang et al. reported that SMAD3 was a direct and functional target of miR-23b [58] . Here, we found that SMAD3 was prone to using distal APA sites and produced mRNAs with longer 3'UTRs in NPC and using bioinformatics analysis we confirmed that only the longer 3'UTRs harbored the binding sites of miR-23b [59] . These findings provide new insights into how APA mediate the miRNA regulation of gene expression and further affect cell biological function.
Conclusions
In summary, APA site-switching of 3'UTRs are prevalent in NPC, and APA-mediated regulation of gene expression may play important roles in NPC development and progression. Several GO terms and pathways were enriched in genes that undergo APA-switching events, including regulation of cell migration, macromolecule catabolic process, protein catabolic process, proteolysis, small conjugating protein ligase activity, and ubiquitin-protein ligase activity. These findings suggest that more detailed studies targeted genes undergoing APA site-switching events may provide novel insights into clarifying the pathogenesis of NPC and contribute to the development of novel therapeutic strategies for NPC.
